Controlling the cold-rolled structure of the shear-band network in Zr 50 Cu 30 Ni 10 Al 10 bulk amorphous alloys can enhance the tensile plastic deformability at room temperature Cold-rolling is useful for controlling the shear band network structure in bulk amorphous alloys. The cold-rolled structure in a bulk amorphous alloy is classified into two regions, the deformed shear-band region and non-deformed block region. Since the pre-deformed shear-band region moves more easily than the non-deformed region, the pre-deformed shear-band network movement is able to release applied tensile strain. Consequently, plastic tensile strain can be obtained in a cold-rolled bulk amorphous alloy by systematical movement of the shear-band network. In this study, we obtained a maximum tensile plastic strain of about 0.25% in 10% coldrolled Zr 50 Cu 30 Ni 10 Al 10 bulk amorphous alloy. The tensile fracture surface was composed of many step marks leading to the pre-introduced shear band movement.
Introduction
The development of bulk amorphous alloy 1) has reduced size restrictions. In particular, Zr-TM-Al (TM=Cu, Ni, Co) bulk amorphous alloys 2) have good glass forming ability 3) and good mechanical properties 4) applicable to industrial materials. 5) Recently, fatigue properties [6] [7] [8] and impact fracture toughness [9] [10] [11] have also significantly improved in Zr-based bulk amorphous alloys. However, some issues must be addressed before the wide practical use of bulk amorphous alloy for industrial/structural materials. One issue is reducing catastrophic failures and fractures at room temperature due to tension. Therefore, enhancing the tensile deformability is an important step to applying bulk amorphous alloys to industrial and structural materials. Zr-based bulk amorphous alloys become brittle 12) when exposed to oxygen concentrations over 0.2 at%. Oxygen embrittlement in Zr-based bulk amorphous alloy is also promoted by the formation of τ 3 crystalline inclusions. 13) Zr-Cu-Al phase diagrams 13) suggest that the Zr 50 Cu 40 Al 10 alloy composition is close to the ternary eutectic point at a temperature of 1124 K. Accordingly, the basic alloy composition is believed to avoid second phase (i.e., τ 3 -phase) formation during solidification to form a bulk amorphous alloy. Furthermore, oxygen embrittlement of Zr-Cu-Al bulk amorphous alloy is enhanced by adding a Ni (Pd, Pt) element.
14) Consequently, we selected the Zr 50 Cu 30 Ni 10 Al 10 14) alloy in this study from the viewpoints of oxygen embrittlement and crystalline inclusion.
Plastic deformation in bulk amorphous alloys can be enhanced by the shear-band structure. 15) We previously reported enhancing the ductility of Zr 55 Cu 30 Al 10 Ni 5 bulk amorphous alloy by cold-rolling. 16) In that report, we confirmed enhanced plasticity of cold-rolled Zr 55 Cu 30 Al 10 Ni 5 bulk amorphous alloy by a three-point bending test. Since the Zr 55 Cu 30 Al 10 Ni 5 bulk amorphous alloy was prepared by a conventional squeeze-casting method, the bulk amorphous alloy contained some crystalline inclusions. We therefore could not obtain plastic elongation during tensile testing of the cold-rolled Zr 55 Cu 30 Al 10 Ni 5 bulk amorphous alloy because crystalline inclusions act as crack initiation sites. Generally, amorphous alloys exhibit plastic flow after yielding with an apparent small work softening phenomena. 17) This might be considered a drawback in the amorphous alloy because the deformation of amorphous alloys is characterized by the initiation, not the propagation, of shear bands. However, many pre-introduced shear bands can release applied strain homogeneously and make up for the uniform deformation. 18) Since pre-introduced shear bands effectively suppress crack propagation, it is important to understand the relationship between the shear-band structure and crack formation and propagation 18) to avoid accidental failure or fracture. This paper seeks to enhance tensile plasticity in cold-rolled Zr 50 Cu 30 Ni 10 Al 10 bulk amorphous alloy produced by the developed casting method 19) to prevent crystalline inclusion formation. We will also examine the origin of plastic tensile elongation in cold-rolled bulk amorphous alloys by fracturedsurface observation.
Experimental Procedure
We prepared quaternary Zr 50 Cu 30 Ni 10 Al 10 master alloy ingots by arc-melting pure Zr, Cu, Al, and Ni elements in an argon atmosphere. The alloy ingots were completely remelted and squeeze-cast, using the ladle-arc-melt squeezecast method, into 50 mm-wide, 60 mm-long, and 3 mmthick plate specimens. 19) We performed the preliminary coldrolling treatment by using a 1 MN class four-roll-high rolling machine with a roll diameter of 300 mm then examined the structures of squeeze-cast and cold-rolled bulk amorphous specimens by optical microscopy (OM) and atomicforce microscopy (AFM). The tensile fractured surface was also observed by scanning electron microscopy (SEM). We performed the tensile testing with an Instron tensile testing machine (type 5582) with the wire resistance strain gage measurement apparatus set at an initial strain rate of 6.7 × 10 −3 s −1 .
Results and Discussion
In this study, we carefully performed cold-rolling in order to control the shear-band structure to form a network. With cold-rolling, the specimen cast structure is the most important factor in obtaining an elaborate shear-band structure. If the bulk amorphous specimen contains crystalline inclusions, the cold-rolled specimens will fail or fracture even at low reduction ratios. If crystalline inclusions exist, the bulk amorphous alloy will exhibit hemispherical shapes on the surface. Figure 1 presents side views of the non-rolled and 5 to 15% cold-rolled bulk amorphous alloys. In the non-rolled specimen, hemispherical crystalline inclusions are seen in Fig.  1(a) . In the 5% rolled specimen, the distorted contrast seen in the crystalline inclusion indicates preferential strain concentration around the crystalline inclusions. Distinct cracks are introduced inside and around the crystalline inclusions after 10% rolling as shown in Fig. 1(c) . After distinct cracks are introduced, shear bands are also introduced around the tip of the cracks as shown in Fig. 1(d) . Surface crystalline inclusions are often introduced by the formation of cold shut and contamination on the mold surface, and those crystalline inclusions can be easily removed by cutting off the surface region. Unfortunately, the most difficult point is removing crystalline inclusions inside of the specimen because the effect of internal crystalline inclusions cannot be removed. Figure  2(a) shows an AFM image of the crystalline inclusions on the shear band after a few percent rolling for a Zr 50 Cu 30 Ni 10 Al 10 bulk amorphous alloy. The magnified image of a crystalline inclusion shows an open crack along the interface between the crystalline inclusion and amorphous matrix. Furthermore, the shear-band line mark was alternately deviated at the crystalline inclusion, so the shear band exhibits a wide gap around the crystalline inclusion. Consequently, moving a shear band containing crystalline inclusions produces gaps and opening cracks that interrupt the smooth slip-band movement during Fig. 2(c) , the step displacement of the shear band without crystalline inclusions is about 30 nm. However, the step displacement of the open cracked region near the crystalline inclusion is about 100 nm. This large value is primarily caused by the cracking around the crystalline inclusion. Consequently, the formation of crystalline inclusions inside the specimen should be avoided in order to control the shear band structure by coldrolling. Figure 3 (a) schematically illustrates the squeeze-cast specimen, and Figs. 3(b) , (c) and (d) depict the cast structures in the top, the middle and bottom sides of the squeeze-cast specimen. The arc furnace ladle hearth type squeeze-casting method 19) enables us to produce crystalline-inclusion-free bulk amorphous alloys. However, the cast structure of the bulk amorphous alloy causes a chill crystallized layer on the bottom, as shown in Fig. 3(d) . The bottom surface region containing the crystallized chill layer is usually carefully removed by using a diamond grinder. Figure 4(a) shows the X-ray diffraction pattern taken from the bottom side of the squeeze-cast surface. The chill-crystallized layer is mainly composed of the Zr 2 Cu and τ 3 -phases. Figure 4(b) shows the X-ray diffraction pattern taken from the bottom side af- ter diamond grinding about 200 µm. The surface structure is characterized as amorphous and τ 3 -phases. Machine cutting often enhances the crystallization 20) of bulk amorphous alloy surfaces. After 20 µm diamond paste polishing, the X-ray diffraction pattern becomes just a halo pattern, as shown in Fig. 4(c) . The single amorphous phase can be also obtained by skillful diamond grinding with a cutting depth of less than 2 µm. However, we should perform machine cutting and finishing processes carefully to avoid crystallization. By using such a delicate machining process, we prepared tensile specimens from the cold-rolled Zr 50 Cu 30 Ni 10 Al 10 sheet. Figure  5 (a) shows the shape and dimensions of the tensile test specimen, and Fig. 5(b) shows the magnified OM image of the 10% cold-rolled specimen. Two different slip band systems were introduced across each slip band system. Shear bands were introduced along two different directions from the maximum shear stress directions. Formation of two different slip-band systems limited the displacement of each shear band under tensile stress conditions due to the interference of each slip band movement in the different slip systems. Figure 6 illustrates the nominal tensile stress vs. strain curves of non-rolled and 5 to 20% rolled specimens. The tensile stress vs. strain curves changed drastically between the non-rolled and the rolled specimens. The maximum tensile plastic strain value obtained in the 10% cold-rolled specimen was 0.25%. Since the shear-band density of the cold-rolled bulk amorphous alloys was unchanged for reductions ranging from a few percent to 30%, 18) the plastic elongation change was probably caused by the difference of the shear-band network in cold-rolled specimens. Furthermore, we estimated the tensile plastic strain to be about 0.03% in the non-rolled specimen. To clarify the origin of the tensile elongation, we observed a fractured surface, as shown in Fig. 7 . Figure 7(a) presents the over-all view of the tensile-fractured surface of the non-rolled specimen. The fracture was probably initiated in the lower left of the figure because we observed a combination of partially fractured regions. A final fractured region, which might be in the upper right of the figure, was caused by the catastrophic movement of one shear band. Magnified SEM images of the final fractured surface are shown in Figs. 7(b) , (c) and (d). These magnified images reveal wellgrown vein patterns, whereas the linear valley-shaped groove marks were also seen in a river-like pattern in Figs. 7(b) and (c). Vein patterns were seen even in the primary fractured surface, though the pattern was not caused by shear stress but by tensile stress similar to a mode I unidirectional tensile stress condition. 21) Open crack marks on the fractured surface indicate that the primary fractured surface was accidentally formed by the combination of partially fractured regions along several shear bands. This means the initiation of shear bands is not limited to one site in the Zr 50 Cu 30 Ni 10 Al 10 bulk amorphous alloy without crystalline inclusions. Consequently, multiple shear-band initiation sites were introduced by applied tensile stress in the specimen. Figure 8 shows SEM images of the edge region of the fractured surface. The corner side views ((a) to (d)) of the tensile-fractured, non-rolled specimen show shear-band movement marks around the fractured region. We can therefore conclude that the developed 14) squeeze-cast Zr 50 Cu 30 Ni 10 Al 10 sheet may be able to introduce movement in the two different shear-band systems. Figure  9 (a) shows an over-all view of the tensile-fractured surface of the 10% rolled specimen. The catastrophic movement of one shear band formed the whole fractured surface. Welldeveloped vein patterns were also seen on the fractured surface, as shown in Figs. 9(b) and (c). In Fig. 9(c) , there was a mirror-like region from the edge to the vein pattern region almost never been seen after tensile tests in previous amorphous alloys. Next, we will discuss the effect of pre-introduced shear band structures in cold-rolled Zr 50 Cu 30 Ni 10 Al 10 bulk amorphous alloy. The much larger tensile plastic strain of the cold-rolled specimens was thought to arise from competitive more shear bands because such numerous shear bands have (indicated by an arrow), and the starting line of the vein pattern region was composed of a distinct gap with similarities to stretch zone morphology. This fractured-surface morphology indicates a large accumulation of elastic strain along the shear band before fracture. Magnified fractured-surface images are shown in Figs. 9(d), (c) and (f). The entire fractured surface had the recognizable vein pattern shown in Fig. 9 . However, under the vein pattern, one can notice distinct step marks on the fractured surface (identified by arrows). The step marks are formed by small movements of each of the pre-introduced shear bands. The step marks are separated by about 5 µm, which is equivalent to the slip band density produced by the cold-rolling for about 280 mm −2 . 13) A high-magnification image of the fractured surface is shown in Fig. 10 . Distinct step marks are also seen on the fractured surface. However, some step marks meandered and/or disappeared, meaning the distribution of the displacement value in the shear band is not uniform. Accordingly, the magnified image indicates the existence of many fine shear-band structures, which we cannot see on the fractured surface. The number of steps on the fractured surface of the cold-rolled specimen indicates competitive movement in the two different shear-band systems. Thus, the findings of this paper conclude the preliminary coldrolling process of bulk amorphous alloy may enhance tensile plastic elongation.
Summary
We performed a cold-rolling of a Zr 50 Cu 30 Ni 10 Al 10 bulk amorphous alloy sheet in order to enhance tensile plastic elongation. The results obtained are summarized as follows.
(1) Crystalline inclusions in the shear band caused internal regions to partially fracture due to shear-band movement.
(2) Tensile plastic elongation was enhanced by the coldrolling. A maximum tensile plastic strain of about 0.25% was obtained in the 10% cold-rolled specimen.
(3) Competitive movement of shear bands in different systems probably causes tensile plastic elongation of the coldrolled specimen.
